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Abstract
The rubber hand illusion (RHI) is a perceptual phenomenon in which participants experience ownership over a fake model 
hand through synchronous visuotactile stimulation. Several studies have shown that the illusion occurs only when both 
hands are in close proximity to each other. In the present study, we systematically examined the role of relative position 
(lateral, distal) and distance (13–75 cm) of the model hand (with respect to participants’ real hand) on illusion experience 
across both lateral and distal positions. Furthermore, we also compared different facets of the subjective illusion experience; 
the experience of the model hand being part of one’s body (i.e., ownership) and the perceptual fusion of vision and touch 
(i.e., referral of touch). In two experiments we observed indications for a stronger illusion experiences in distal compared 
to lateral positions of identical distances, indicating that the illusory effects may vary as a function of the relative position 
of the hand. Our results also showed that manipulations of distance differently modulated both facets of the illusion. While 
ownership was restricted to near distances, referral of touch sensations remained stable at farther distances. These results 
are interpreted in relation to variations in sensory weighting across different planes.
Keywords Rubber hand illusion · Ownership · Referral of touch · Multisensory integration · Peri-personal space
Introduction
The rubber hand illusion (RHI; Botvinick and Cohen 1998) 
has provided a means of examining the experience of owner-
ship in healthy participants. In this illusion, watching a fake 
model hand being stroked in synchrony with one’s real hand 
(that is out of view), creates the feeling that the rubber hand 
is a part of the body. This illusion is typically investigated 
with questionnaires, assessing the experience of ownership 
(e.g., I felt as if the rubber hand is my own hand) and/or the 
sensation of referral of touch (e.g., I felt the touch in the 
location I saw the rubber hand being touched; although see 
Tsakiris and Haggard 2005). A successful illusory experi-
ence is dependent upon a number of factors: (1) the syn-
chronicity of the visual and tactile stimulation—so, asyn-
chronous stimulation does not lead to the illusion (Botvinick 
and Cohen 1998; Tsakiris and Haggard 2005); (2) congru-
ent anatomical orientation—hence, rotating the rubber hand 
with respect to participants’ real hand breaks the illusory 
experience (Ehrsson et al. 2004; Tsakiris and Haggard 2005) 
and (3) the spatial proximity between the two hands. If the 
distance between the two hands is greater than 30 cm the 
illusion is typically not experienced (Lloyd 2007; Preston 
2013; Kalckert and Ehrsson 2014).
Armel and Ramachandran (2003) tested the effect of 
distance by placing the rubber hand 91 cm away from par-
ticipants’ real hand and found a significant decrease in the 
illusory experience. In a more systematic investigation 
examining the role of distance between the real and rubber 
hands along a horizontal plane, Lloyd (2007) demonstrated 
that distances larger than 27.5 cm led to significant declines 
in the experience of the RHI (assessed through the referral of 
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touch sensation). Preston (2013) also demonstrated reduced 
illusory experiences when a rubber hand was placed both 
far from the real hand as well as from the trunk. Alterna-
tively, Zopf et al. (2010) found no difference in the experi-
ence of the illusion across distances of 15 and 45 cm using 
both subjective measures as well as in a cross-modal con-
gruency task. Davies et al. (2013) compared the effect of 
distance between two variants of the RHI; the classical RHI 
and a non-visual self-touch illusion (STI) in which partici-
pants administered stimulation to the fake hand using their 
unstimulated hand. Their results indicated that whilst the 
classical RHI was robust against distance manipulations, the 
non-visual STI decreased as distance increased. Moreover, 
in a virtual hand illusion paradigm, Pritchard et al. (2016) 
demonstrated that an offset of 30 cm had no effect on experi-
ences of ownership. Kalckert and Ehrsson (2014) compared 
the classical RHI to a moving RHI paradigm induced by fin-
ger movements (Tsakiris et al. 2006; Kalckert and Ehrsson 
2012). They examined three different distances (12, 27.5, 
and 43 cm) along a vertical plane, however, in line with 
Lloyd (2007) demonstrated that the illusion decreased sig-
nificantly with distances beyond 27.5 cm.
Successful illusory experiences across variants of the 
RHI (e.g., STI, moving RHI, etc.) might therefore depend 
upon the effective merging of sensory information across 
different modalities, leading to higher order experiences of 
ownership. Distance effects have provided evidence for a 
spatial boundary in the experience of the RHI and supports 
the idea that the illusion might be based on processes akin 
to multisensory integration that follows basic temporal and 
spatial rules (Stein and Stanford 2008; Ehrsson 2012). Mul-
tisensory and sensorimotor integration are best explained 
through Bayesian statistics (see e.g., Ernst and Bülthoff 
2004; Körding et al. 2006, 2007; Bays and Wolpert 2007) 
which show that the weights assigned to different pairs of 
sensory stimuli can change and that the nervous system flex-
ibly integrates this sensory information depending on the 
context. Ernst and Banks (2002) studied the integration of 
haptic and visual cues in a size-estimation task and found 
that our perceptual system relies predominantly on cues 
with lower variances or in other words cues providing more 
precise estimates (see also Newport et al. 2002). Addition-
ally, Van Beers et al. (2002) investigated the relationship 
between visual and proprioceptive cues in a localisation task 
with an adaptation paradigm. They found both these cues 
to be differently weighted depending on the plane: in-depth 
visual adaptation was significantly larger than propriocep-
tive adaptation, with the opposite observed in the horizontal 
plane. The nervous system therefore, directly assigns dif-
ferent precisions to vision and proprioception along the dif-
ferent planes suggesting that the integration of visual and 
somatosensory input can be directly influenced by the spatial 
configuration of stimuli (see also Snijders et al. 2007).
Given that the RHI relies on the integration of visual, 
tactile and proprioceptive cues, whether or not the expe-
rience of the illusion might vary with respect to specific 
directions in space remains to be examined. As most RHI 
experiments are performed along a horizontal layout with 
the rubber hand being placed medially with respect to par-
ticipants’ real hand (e.g., Botvinick and Cohen 1998; Tsa-
kiris and Haggard 2005; Lloyd 2007), whether or not the 
results are a consequence of this specific spatial configura-
tion can be questioned and forms the basis of the current 
investigations. Furthermore, evidence for the role of spatial 
distance between the real and rubber hands on experiences 
of the illusion appear mixed. Hence, at present unequivocal 
conclusions that support the experience of the RHI to be 
driven by spatially congruent multisensory mechanisms can-
not be drawn. Therefore, we investigated the role of position 
and distance on the RHI by directly comparing subjective 
illusory experiences along horizontal and distal planes. We 
conducted two experiments; in Experiment 1 we tested a 
close distal position (13 cm) and compared this to the same 
as well as a further distance of 38 cm along a horizontal 
plane. In Experiment 2 three different distances (13, 38 and 
75 cm) along the distal plane were compared. If the experi-
ence of the classical RHI is mediated by differences in sen-
sory weighting across different positions (Van Beers et al. 
2002), then we expect to see differences in illusion suscep-
tibility across both lateral and distal positions. The RHI has 
been found to be reliably induced at distances below 20 cm 
(see e.g., Tsakiris and Haggard 2005; Lloyd 2007; Kalckert 
and Ehrsson 2014) with distances of 38 or 75 cm not permit-
ting the illusion (see e.g., Lloyd 2007; Kalckert and Ehrs-
son 2014; Guterstam et al. 2013). Therefore, we expected a 
decrease in illusion experiences as distance increased along 
both horizontal and distal planes. The illusion is therefore, 
predicted to be present at the near distance of 13 cm, but 
not at distances of 38 cm or 75 cm, respectively. Our results 
suggested that the relative distance between the real and 
model hands had an effect on the RHI in both planes, and 
also that the distal plane showed higher subjective illusion 
experiences compared to the horizontal plane. Furthermore, 
we also observed differences in ownership and referral of 
touch-related scores across the two positions and distances.
Materials and methods: Experiment 1
Participants
Fifty-five naive participants (31 female; mean age 
20.53 years; SD 4.19) participated in the study. Written 
informed consent was obtained from all participants prior 
to participation. All participants had normal or corrected 
vision, and none reported any sensory deficits. The study 
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was approved by the University of Reading Research Ethics 
Committee and has been conducted in accordance to the 
declaration of Helsinki. Participants received a monetary 
compensation for their participation.
Procedure
Participants were comfortably seated in front of a table 
on a height-adjustable chair with their right arm maxi-
mally stretched out and placed on the table. The right arm 
was positioned such that it was occluded from view by a 
wooden board and the right shoulder was covered with 
a black cloth. The fingers were placed comfortably on a 
wooden cube to elevate them and make the fingers more 
visible at the distal position. Participants sat close to the 
table ensuring that their upper body leaned close against 
the table. This prevented participants from moving and 
ensured no arm movement. A life-size model hand was 
then placed in one of three positions: distal-near, lateral-
near (both 13 cm), and lateral-far (38 cm) (see Fig. 1). 
The lateral distances were measured from the participants’ 
thumb joint, while the distal distance was measured from 
the tip of the index finger. In each position, participants 
went through both synchronous and asynchronous blocks 
of trials. During synchronous stroking, simultaneous brush 
strokes were applied to the proximal joint of the index 
finger at a frequency of 1 Hz, paced by an auditory sig-
nal presented to only the experimenter. A temporal delay 
of approximately 500 ms was applied to brush strokes 
between both hands during asynchronous stroking. Each 
stimulation condition lasted 90 s, and single and double 
brush-strokes (i.e., two rapid successive strokes) were 
applied in a pseudo-random sequence to introduce vari-
ability and minimise effects of predictability of brush 
strokes. The order of the positions as well as the synchro-
nous/asynchronous conditions was randomised across par-
ticipants. The experimenter’s hands were also not visible 
to participants at any point.
Following stimulation participants responded to a series 
of eight randomly presented questionnaire statements on 
a computer screen placed on a table to participants’ right. 
These included two ownership items and two referral of 
touch items—both reflecting illusion experience (state-
ments 1–4, see Table 1), as well as four control statements 
that did not tap into any illusion-related aspects (state-
ments 5–8 see, Table 1). Participants made ratings on a 
seven-point Likert-scale in which − 3 indicated strongly 
disagree, 0 indicated neutral and + 3 strongly agree. State-
ments were adopted from previous RHI experiments (Bot-
vinick and Cohen 1998; Longo et al. 2008). Following 
the experiment, participants were asked to estimate the 
length of their arm by placing two pins on a foam board, 
after which their actual arm length was measured. This 
allowed us to examine whether there might be a potential 
link between illusion experience in the distal position and 
Fig. 1  Illustration of the setup 
in Experiment 1: a lateral-near 
(13 cm), b distal-near (13 cm) 
and c lateral-far (38 cm). A 
black cloth covered both arms 
as shown in d and e in all condi-
tions. f Schematic diagram of 
all conditions
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participants’ self-perceived and actual arm length (see 
suppl. Data).
Results: Experiment 1
Overall illusion scores and control scores were calculated 
by averaging the four illusion-related statements (i.e., 
ownership and referral of touch) and control statements 
for each condition separately. Additionally, sub-scores 
for ownership and referral of touch were computed by 
separately averaging statements 1 and 2 (ownership) and 
3 and 4 (referral of touch). In line with previous stud-
ies, we considered a participant with an average illusion 
score of ≥ 1 as an illusion responder (Petkova and Ehrsson 
2009) and a grouped median ≥ 1 to affirm the overall illu-
sion experience (i.e., combined ownership and referral of 
touch scores) as well as for each independent sub-score 
(Kalckert and Ehrsson 2012). To establish the presence of 
the illusion at each position, we compared overall illusion 
scores between the synchronous and asynchronous condi-
tions, as well as overall illusion and control scores in the 
synchronous condition using Wilcoxon signed-rank tests. 
The role of distance and position on illusion susceptibility 
was examined by comparing illusion scores in synchro-
nous conditions using a Friedman test. Effect sizes were 
computed with the following formula r = z-score/(√n). All 
reported results are two-tailed, and all tests are based on a 
priori hypotheses unless otherwise stated.
Lateral‑near
Participants had significantly higher illusion scores in 
the synchronous (M: 1.5), compared to the asynchronous 
condition (M: − 0.75; Z = − 5.733, p < 0.001; r = 0.55). A 
significant difference was also observed between illusion 
and control statement scores (M: 0) in the synchronous con-
dition with illusion statements being higher (Z = − 5.579, 
p < 0.001; r = 0.53; see Fig. 2a).
Lateral‑far
Participants had low positive ratings to illusion statements 
in the synchronous condition (M: 0.75), and negative ratings 
in the asynchronous condition (M: − 0.75). This difference 
was significant (Z = − 5.083, p < 0.001; r = 0.49). Ratings to 
illusion statements were significantly higher than the con-
trol statements in the synchronous condition (M: − 0.25; 
Z = − 4.641, p < 0.001; r = 0.44; see Fig. 2b).
Distal‑near
Ratings to illusion statements were high in the synchronous 
condition (M: 1.75), but not in the asynchronous condition 
(M: − 0.75). This difference was significant (Z = − 5.671, 
p < 0.001; r = 0.54). Participants also gave significantly 
higher ratings to illusion statements compared to the control 
statements in the synchronous condition (M: 0; Z = − 6.194, 
p < 0.001; r = 0.59; see Fig. 2c).
Comparison of illusion scores under synchronous 
stimulation across the three positions
We compared illusion scores of the three synchronous con-
ditions and found significant differences in illusion ratings 
(Friedman: χ2 [2, N = 55] = 16.820, p < 0.001; see Fig. 3). 
Subsequent post hoc pairwise comparisons found illusion 
scores in both the distal-near and lateral-near positions to 
be significantly different from the lateral-far position (distal-
near vs. lateral-far: Z = − 3.801, p < 0.001; r = 0.36; and lat-
eral-near vs lateral-far: Z = − 3.401, p = 0.001; r = 0.32). The 
difference between the lateral-near and the distal-near posi-
tions was not significant (Z = − 1.944, p = 0.052; r = 0.18).
Ownership versus referral of touch‑related illusion 
questions
Ratings to these two subcategories of statements were com-
pared across all three distances in the synchronous condition. 
Table 1  Statements used in the 
questionnaire Ownership
 1 I felt as if the model hand was part of my body
 2 I felt as if the model hand was my hand
Referral of touch
 3 I felt the touch of the brush in the location where I saw the model hand being touched
 4 I felt as if the touch was caused by the brush touching the model hand
Control
 5 I felt as if my real hand was turning rubbery
 6 It felt as if I had no longer had a right hand, as if my right hand had disappeared
 7 It seemed as if the touch I was feeling came from somewhere between my own right 
hand and the model hand
 8 It seems as if I had more than one right hand
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Median ownership and referral of touch scores were as fol-
lows; lateral-near (ownership = 1, referral of touch = 2), 
lateral-far (ownership = 0.0, referral of touch = 1.5) and 
distal-near (ownership = 2, referral of touch = 2). In all syn-
chronous conditions, the referral of touch scores were higher 
than ownership scores (lateral-near: Z = − 3.439, p = 0.001; 
r = 0.33; lateral-far: Z = − 5.334, p < 0.001; r = 0.51; distal-
near: Z = − 2.744, p = 0.006; r = 0.26; see Fig. 3).
Next, two Friedman tests on ownership and referral of 
touch scores were independently conducted. A signifi-
cant main effect for ownership scores was observed: χ2 [2, 
N = 55] = 20.160, p < 0.001. Subsequent pairwise compari-
sons indicated significant differences between the lateral-
far position compared to both the lateral-near (Z = − 3.837, 
p < 0.001, r = 0.37) and distal-near (Z = − 4.154, p < 0.001, 
r = 0.40) conditions. The difference between the lateral-
near and distal-near positions was not found to be signifi-
cant (Z = − 1.653, p = 0.098). No significant differences for 
referral of touch scores were found across the conditions 
(Friedman: χ2 [2, N = 55] = 5.683, p = 0.058), and no subse-
quent pairwise comparisons were performed.
Discussion: Experiment 1
In line with previous studies (e.g., Lloyd 2007), the current 
results demonstrated significantly lower illusion ratings in 
the lateral-far position compared to the lateral-near posi-
tion thus indicating a spatial boundary in the experience 
of the RHI along horizontal planes. Interestingly, the find-
ings also indicated the presence of the RHI in the distal-
near position. We propose that synchronous visuotactile 
stimulation of the model arm along the distal axis may have 
functionally extended peripersonal space boundaries thus 
enlarging receptive field size corresponding to the hand. 
This expansion of receptive field size might have permitted 
synchronous visuotactile processes to drive illusory experi-
ences leading to higher order feelings of ownership. Indeed, 
synchronous somatosensory input on the hand coupled with 
auditory (or visual stimulation) in far-space has recently 
been shown to extend peripersonal space in a manner similar 
to that following tool use (Serino et al. 2015). The operation 
of such mechanisms along the distal (as opposed to the hori-
zontal) plane can be explained with regards to the optimal 
integration model (Van Beers et al. 2002) which proposes 
visual and proprioceptive sensory weighting to vary as a 
function of direction. Such differences might have influenced 
the integration of sensory information on which the illusion 
relies on leading to the experience of the illusion at this posi-
tion (Lackner and DiZio 2000).
Given the presence of the illusion in the distal position, 
we conducted a follow-up study to precisely delineate the 
role of increasing distal distances between the real and 
model hand on the RHI. As we observed a trend towards 
a difference between lateral and distal-near positions in 
Fig. 2  Box and whisker plots for illusion and control scores during synchronous and asynchronous stimulation. a Lateral-near, b lateral-far and c 
distal-near
Fig. 3  Box and whisker plots for ownership and referral of touch 
scores across the three synchronous conditions
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Experiment 1, the lateral-near position was again included 
in Experiment 2.
Experiment 2
Participants
Forty-four naive participants took part in Experiment 2 (27 
female; mean age 24.27; SD = 7.06). All participants pro-
vided written informed consent, had normal or fully cor-
rected vision and reported no sensory deficits.
Materials and methods: Experiment 2
The materials used, and experimental procedures were iden-
tical to Experiment 1. Both synchronous and asynchronous 
stimulation conditions were tested across all three distal 
positions (see Fig. 4). The synchronous lateral-near posi-
tion was included to enable comparisons between the near 
positions of both planes (thus totalling to seven conditions). 
The distance in both near positions, far and very far positions 
were 13, 38 and 75 cm, respectively. All conditions were 
randomised and balanced across participants.
Results: Experiment 2
Data collation and analyses were identical to Experiment 1.
Distal‑near
Overall illusion ratings in the synchronous condition (M: 
1.5) were higher than the asynchronous condition (M: − 1; 
Z = − 5.468, p < 0.001; r = 0.58). Overall illusion ratings 
were also significantly higher compared to control state-
ment scores (M: − 0.25) in the synchronous condition 
(Z = − 5.527, p < 0.001; r = 0.59, see Fig. 5a).
Distal‑far
Ratings to the illusion statements were positive in the syn-
chronous condition (M: 1) and negative (M: − 1) in the 
asynchronous condition. This difference was significant 
(Z = − 4.773, p < 0.001; r = 0.51). Here again, significantly 
higher ratings to the illusion statements compared to the con-
trol statements (M: − 0.38; Z = − 4.860, p < 0.001; r = 0.52, 
see Fig. 5b) were observed in the synchronous condition.
Distal‑very far
This condition also demonstrated positive ratings (M: 1.25) 
for illusion scores in the synchronous condition compared to 
Fig. 4  Illustration of the setup 
for Experiment 2 distal posi-
tions: a distal-near (13 cm), b 
distal-far (38 cm), c distal-very-
far (75 cm), d schematic dia-
gram of all conditions including 
lateral-near
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the asynchronous condition, in which overall illusion scores 
were negatively rated (M: − 1). This difference was signifi-
cant (Z = − 4.792, p < 0.001; r = 0.51). Ratings to illusion 
statements were significantly higher than control statements 
(M: − 0.5; Z = − 4.792, p < 0.001; r = 0.51, see Fig. 5c) in the 
synchronous condition.
Lateral‑near
Participants gave significantly higher ratings for illusion (M: 
1.25) compared the control statements (M: − 0.63) in the 
synchronous condition (Z = − 5.181, p < 0.001; r = 0.55).
Comparison of illusion scores under synchronous 
stimulation across positions
A significant main effect for overall illusion ratings were 
observed across the three distal conditions and lateral-
synchronous condition (Friedman: χ2 [3, N = 44] = 18.754, 
p < 0.001). Post hoc pairwise comparisons demonstrated sig-
nificant differences in illusion scores between the distal-near 
and distal-far position (Z = − 3.478, p = 0.001; r = 0.37), 
the distal-near and distal-very far position (Z = − 3.274, 
p = 0.001; effect size r = 0.35) as well as the distal-near and 
lateral-near position (Z = − 2.758, p = 0.006; r = 0.29). No 
other comparisons were significant at a Bonferroni corrected 
significance level of p = 0.008.
Ownership versus referral of touch‑related illusion 
questions
Median ownership and referral of touch scores across the 
different conditions were as follows; distal-near (owner-
ship = 1.5, referral of touch = 2), distal-far (ownership = 0.75, 
referral of touch = 1.5), distal-very far (ownership = 0.75 
referral of touch = 2) and lateral-near (ownership = 1, refer-
ral of touch = 2). In line with Experiment 1, we compared 
ownership and referral touch scores and observed signifi-
cantly higher referral of touch scores in the distal-near 
(Z = − 3.433, p = 0.001; r = 0.37), distal-far (Z = − 4.125, 
p < 0.001; r = 0.44), distal-very far (Z = − 4.455, p < 0.001; 
Fig. 5  Box and whisker plots for illusion and control scores during synchronous and asynchronous stimulation. a Distal-near, b distal-far, c 
distal-very-far and d lateral-near (synchronous)
1828 Experimental Brain Research (2019) 237:1821–1832
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r = 0.47), and lateral-near (Z = − 3.559, p < 0.001; r = 0.38) 
conditions (see Fig. 6).
A Friedman test conducted across the distal positions 
and lateral-near position showed a main effect for owner-
ship scores (χ2 [3, N = 44] = 12.42, p = 0.006). Follow-up, 
pairwise comparisons demonstrated significant differences 
between the distal-near and the two farther distal positions; 
(distal-near vs distal-far, Z = − 2.817, p = 0.005, r = 0.30 
and distal-near vs distal-very far, Z = − 2.670, p = 0.008, 
r = 0.28). No significant differences between the distal-far 
and distal-very far positions (Z = − 0.115, p = 0.908) as 
well as between the distal-near and lateral-near positions 
(Z = − 1.781, p = 0.075) were observed (Bonferroni cor-
rected p = 0.008). A second Friedman test on referral of 
touch scores also revealed a significant difference across 
the conditions (χ2 [3, N = 44] = 8.021, p = 0.046). Follow-
up pairwise comparisons indicated significant differences 
between distal-near position and distal-far (Z = − 2.982, 
p = 0.003, r = 0.32) as well as the distal-near and lateral-
near positions (Z = − 2.771, p = 0.006, r = 0.30) positions. 
Significant differences were also not observed between the 
distal-near vs. distal-very far (Z = − 1.903, p = 0.057) and 
distal-far vs. distal-very far conditions (Z = − 0.837, p = 0.43; 
Bonferroni corrected significance value of p = 0.008).
Discussion: Experiment 2
Experiment 2 expanded upon the findings of Experiment 
1 by examining the modulatory role of increasing distal 
distances on the RHI. Our findings provided evidence for 
a stronger illusion at the distal-near position compared to 
a lateral position of similar distance. This supports our 
interpretation of a direction-dependant weighting of visuo-
proprioceptive signals that might interact to drive illusory 
experiences. Furthermore, a decrease in overall illusion 
experience, along increasing distal distances was observed, 
thus providing evidence for the role of distance on the RHI.
Close examination of the illusion subcategories demon-
strated that ownership scores decreased along increasing 
distal distances, with the strongest experience of ownership 
only observed at the distal-near position. No significant dif-
ference in ownership between the distal-far and distal-very 
far positions was observed, thus indicating a spatial bound-
ary for ownership along this plane. Furthermore, in line with 
Experiment 1, no significant difference between the lateral 
and distal-near positions was also observed, suggesting that 
ownership might be restricted to peri-hand space along both 
distal and lateral planes. Referral of touch, on the hand, was 
found to be stronger in the distal-near compared to the distal-
far and lateral-near positions. While this provides evidence 
for a preference of visuotactile integrative processes at peri-
hand spaces along the distal planes; the fact that referral 
of touch scores still remained high (i.e., ≥ 1) even at the 
farther distal distances should not be ignored. Indeed, as 
with Experiment 1, referral of touch scores remained signifi-
cantly higher than ownership scores across at all distances. 
The overall response patterns may therefore, suggest that 
although stronger integrative processes may occur at near-
spaces, visuotactile process might still be at operation even 
at farther spaces from a body.
General discussion
The present study measured the effect of distance and posi-
tion on the rubber hand illusion. We observed higher illu-
sion scores in distal positions compared to lateral positions 
when distance was kept the same. Our results also showed 
that distance generally affects the illusion, and provides a 
detailed account of the role of distance on RHI experiences. 
While increasing distances led to weaker subjective illu-
sory reports, this effect was specific to the subjective com-
ponent of the illusion assessed, i.e., ownership experiences 
decreased when the model hand was placed more than 27 cm 
away while referral of touch sensations were rated high (i.e., 
≥ 1) at all distances.
Our observation of a general distance effect is in agree-
ment with previous studies showing that as distance 
increases, the illusion significantly decreases (Lloyd 2007; 
Kalckert and Ehrsson 2014 but see Zopf et al. 2010). Hence, 
successful illusion experiences depend upon the close prox-
imity between the model hand and participants’ own hand. 
Most RHI studies place the rubber hand medially with 
respect to participants’ real hand (i.e., Lloyd 2007) as intro-
duced in the original study by Botvinick and Cohen (1998). 
Fig. 6  Box and whisker plots for ownership and referral of touch 
scores across all synchronous conditions
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Indeed, very few studies used different arrangements, and 
these were motivated by practical constraints such as in 
functional imaging studies (see e.g., Ehrsson et al. 2004). 
These studies however, did not directly address the role of 
position on the illusion. The current study therefore adds to 
the previous research by showing that distance affects the 
RHI not only in the lateral (Lloyd 2007; Preston 2013) and 
vertical planes (Kalckert and Ehrsson 2014), but also, along 
a distal plane.
We observed a stronger illusion at the distal-near position 
compared to the lateral-near position of 13 cm (see “Experi-
ment 2”). Such a finding was unexpected given that at this 
position the model hand was placed beyond reaching space 
(see Fig. 1b). Although speculative at the time, we offer two 
potential explanations for the experience of the RHI at the 
distal-near position. Previous theories have generally argued 
that bodily illusions like the RHI are restricted to periper-
sonal space surrounding the body/hand (Brozzoli et al. 2014; 
Makin et al. 2008). One possibility can be linked to errors 
made in judgements of body-part size such as the hand (e.g., 
Longo and Haggard 2012). If perceived arm length was over-
estimated, participants may not have been aware of the fact 
that the rubber hand was placed beyond reach, thus reduc-
ing conflict between the seen (model) hand location and the 
felt (real) hand location. Alternatively, it is also possible 
that placement of the model arm in the lateral-near position 
might have introduced a muscular-skeletal rotation of the 
shoulder and elbow which might have signalled a visuopro-
prioceptive conflict, not present in the distal position. The 
absence of such conflicting sensory signals could have led to 
stronger illusory experiences in the distal position.
At a mechanistic level, differences between the distal and 
lateral positions can be related to alterations in the percep-
tual processes underlying the illusion. The multisensory 
representation of the space surrounding the hand is coded 
for by visuotactile bimodal neurons found in the parietal 
and premotor regions as well as the putamen (Graziano and 
Botvinick 2002; Stein and Stanford 2008). These bimodal 
neurons have receptive fields that are restricted to periper-
sonal space (Rizzolatti et al. 1981). Hence as described in 
the discussion of Experiment 1, the experience of the illu-
sion along the distal plane could be linked to an expansion 
of visuotactile receptive fields corresponding to the hand 
as a result of synchronous visuotactile stimulation (Serino 
et al. 2015). Moreover, the study by Van Beers et al. (2002) 
has shown that vision and proprioception are differently 
weighted along horizontal and distal planes (see also Van 
Beers et al. 1999). In the distal plane vision adapts more than 
proprioception, thus proprioception is estimated to be more 
precise. Along the horizontal plane proprioception adapts 
more than vision. Classical concepts of the RHI define the 
illusion as a triangulation of vision, tactile, and propriocep-
tion input with their respective alignment (Botvinick and 
Cohen 1998; Makin et al. 2008), constrained by top-down 
mechanisms (Tsakiris and Haggard 2005; Tsakiris et al. 
2010). The observation by Van Beers et al. (2002) could 
be interpreted in a way that either the lateral position could 
benefit in terms of the illusion experience (i.e., the higher 
proprioceptive adaptation may allow an easier alignment to 
the visuotactile event on the rubber hand) or even the distal 
position (i.e., visual estimation of hand position may adapt 
more to the rubber hand in sight, and may allow the visual 
integration to be estimated at the rubber hand). Interestingly, 
the findings seemed to suggest that the distal position per-
mitted stronger illusion experiences. However, the study by 
Van Beers and colleagues investigated the combination of 
vision and proprioception without the visuotactile compo-
nent, hence, at present, the precise roles of the perceptual 
weights on the integrative processes underlying the RHI can 
only be speculated. Future studies should address how dif-
ferent sensory cues relevant to the RHI are weighted and 
integrated across different distances and planes.
At first glance, our data may suggest that an illusion is 
present at all distances, with high illusion scores even at a 
75 cm distance. This is in contradiction to previous find-
ings, which found that the illusion declined with increas-
ing distances (Lloyd 2007; Kalckert and Ehrsson 2014). 
We must however, be more specific when interpreting our 
results. Our questionnaire contained statements relating to 
both sensations of ownership and the experience of referral 
of touch. Therefore, when independently examining these 
statement categories, a more specific pattern was observed. 
Whilst ownership scores declined with increasing distances, 
referral of touch scores remained high across all distances. 
Therefore, while synchronous visuotactile stimulation could 
have led to the perceptual fusion of touch (or experiences 
of referral of touch) through peripersonal space expansion 
(Serino et al. 2015), under certain conditions (such farther 
spatial distances) this might not lead to higher order experi-
ences such as ownership. Indeed, ownership experiences are 
constrained by top-down factors (such as knowledge about 
the appearance and shape and size of a body part) and viola-
tions of such top-down knowledge have been found to break-
down ownership despite synchronous visuotactile stimula-
tion (Tsakiris and Haggard 2005; Tsakiris 2010). Hence, 
as previously stated although ownership can be altered as 
a result of the plasticity of peripersonal space boundaries 
(along the distal plane at least), there are still constraints to 
the development of ownership at more extreme distances. 
This could be due to weaker sensory processing at farther 
distances that may not have been sufficient to induce own-
ership. Whether or not other perceptual processes such as 
longer durations of visuotactile stimulation or changes to 
stimulation frequency/intensity may lead to ownership at 
farther distances in extrapersonal space nevertheless war-
rants further investigation.
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Alternatively, it is also possible that the mere sight of the 
model hand, might have influenced the integrative processes 
that led to referral of touch sensations. A study by Guter-
stam et al. (2013) tested the invisible hand illusion (a variant 
of the RHI in which there is no model hand) and did not 
observe an illusion at a distance of 75 cm. It was suggested 
that this could be due to such illusions relying on multisen-
sory rules such as synchrony and distance. In the current 
setup however, participants viewed a model hand in front 
of them. Indeed, previous studies have shown that view-
ing the body alters tactile processing (Haggard et al. 2007; 
Longo et al. 2011) and visuotactile integration (Mirams et al. 
2010). Furthermore, it should also be noted that in our setup, 
the placement of the model hand created the impression of 
an extension of arm length, as opposed to a misalignment 
in its position. In relation to this, studies inducing bodily 
illusions in virtual reality have shown that participants can 
perceive unrealistic arm elongations (Kilteni et al. 2012). 
Furthermore, when viewing only a rubber hand, without ever 
touching the hands, participants showed increased expecta-
tions of an approaching tactile stimulus, as if the sensory 
predictions are centred on the seen rubber hand (Ferri et al. 
2013). It is therefore, possible that that the visual presence 
of a hand-shaped object might have permitted visuotactile 
integrative processes at farther distances in space leading to 
referral of touch experiences.
Our interpretation of visuotactile integration in the 
far distances can be supported by single cell studies on 
bimodal neurons. These cells fire in response to visual 
and tactile stimuli approaching or touching the hand (Riz-
zolatti et al. 1981; Hyvärinen 1981; Duhamel et al. 1998; 
Graziano and Gross 1994) making them suitable neural 
substrates underlying the RHI and the perception of our 
body more generally (Ehrsson 2012). Although the role of 
bimodal neurons in integrative processes are thought to be 
restricted to the space immediately surrounding the hand 
(Brozzoli et al. 2014), there is evidence for visuotactile 
integration at farther distances. For example, Graziano 
and Gross (1994) reported that while premotor and pari-
etal neurons preferred stimulation at immediate distances 
(< 20 cm) surrounding a body part, a significant propor-
tion of premotor neurons also reacted to stimuli up to 1 m 
(22%), or even beyond (39%). For parietal neurons this 
proportion was even greater: 42% responded to distances 
of up to 1 m, and 16% to distances beyond 1 m. Interest-
ingly this study also reported that some of these neurons 
are relatively flexible in their receptive field size. A neuron 
can show the strongest response to a distance of 20 cm but 
can respond (in a relatively weaker fashion) to a visual 
stimulus as far away as 2 m. Moreover, in a later study 
Graziano et al. (2000) found activity in approximately 1/3 
of parietal bimodal neurons when a monkey viewed a fake 
arm in place of its real arm. Importantly, this effect was 
specific to the presence of a congruent and realistic arm 
shaped object. This suggests that in addition to merely 
responding to visual and somatosensory signals, prop-
erties of some parietal bimodal neurons may also drive 
mechanisms underlying the incorporation of objects into 
the body representation (Graziano et al. 2000).
The fact that ownership and referral of touch experi-
ences reflects different aspects of the RHI experience has 
implications for current research practices, as most RHI 
studies either incorporate combinations of both kinds 
of statements or use these interchangeably as proxies of 
the illusion. The findings by Lloyd (2007) and Kalckert 
and Ehrsson (2014) suggest that the illusion significantly 
declines at distances beyond 27 cm, however they used 
different statements to measure the illusion. Although this 
discrepancy cannot be resolved, we highlight the need for 
a closer look at the specific response patterns on both fac-
ets of the illusion. Our results indeed demonstrate that 
manipulations of the RHI could differently affect these 
two experiences (e.g., permitting a referral of touch, but 
not ownership). This distinction also poses practical (i.e., 
interpretation of ratings) and theoretical implications (i.e., 
relationship between the processes underlying visuotac-
tile fusion versus ownership experiences). Future research 
needs to address the relationship between ownership and 
referral of touch within the RHI, and how these are indi-
vidually expressed in specific experimental situations. One 
hypothesis is that the fusion of visuotactile stimuli is the 
initial step in the illusion process, and that further pro-
cesses then convert this basic perceptual integration into 
higher order experience of ownership (see Makin et al. 
2008; Tsakiris et al. 2010).
In conclusion, the present results extend previous litera-
ture on the role of distance in RHI experiences by demon-
strating differences in illusion strength across lateral and 
distal planes. This might be a result of direction-dependant 
variations in the illusion-related sensory weighting. The 
findings may therefore, suggest how ownership experi-
ences extend beyond the physical and anatomical con-
straints of the body. Finally, we also found two subjec-
tive components of the illusion (ownership and referral 
of touch) to be differently influenced by manipulations of 
spatial disparity, and thus raises theoretical and methodo-
logical concerns regarding what constitutes the experience 
of ownership and the establishment of the rubber hand 
illusion.
Acknowledgements This study was funded by the Internal Research 
Funding Scheme of the University of Reading Malaysia.
Compliance with ethical standards 
Conflict of interest The authors declare no conflict of interest.
1831Experimental Brain Research (2019) 237:1821–1832 
1 3
Open Access This article is distributed under the terms of the Crea-
tive Commons Attribution 4.0 International License (http://creat iveco 
mmons .org/licen ses/by/4.0/), which permits unrestricted use, distribu-
tion, and reproduction in any medium, provided you give appropriate 
credit to the original author(s) and the source, provide a link to the 
Creative Commons license, and indicate if changes were made.
References
Armel KC, Ramachandran VS (2003) Projecting sensations to exter-
nal objects: evidence from skin conductance response. Proc R 
Soc B Biol Sci 270(1523):1499–1506. https ://doi.org/10.1098/
rspb.2003.2364
Bays PM, Wolpert DM (2007) Computational principles of sensori-
motor control that minimize uncertainty and variability. J Phys-
iol 578:387–396. https ://doi.org/10.1113/jphys iol.2006.12012 1
Botvinick M, Cohen J (1998) Rubber hands “feel” touch that eyes 
see. Nature 391:756. https ://doi.org/10.1038/35784 
Brozzoli C, Ehrsson HH, Farnè A (2014) Multisensory represen-
tation of the space near the hand: from perception to action 
and interindividual interactions. Neuroscientist 20(2):122–135. 
https ://doi.org/10.1177/10738 58413 51115 3
Davies AMA, White RC, Davies M (2013) Spatial limits on the non-
visual self-touch illusion and the visual rubber hand illusion: 
subjective experience of the illusion and proprioceptive drift. 
Conscious Cogn 22:613–636. https ://doi.org/10.1016/j.conco 
g.2013.03.006
Duhamel JR, Colby CL, Goldberg ME (1998) Ventral intraparietal area 
of the macaque: congruent visual and somatic response properties. 
J Neurophysiol 79(1):126–136. https ://doi.org/10.1234/12345 678
Ehrsson H (2012) The concept of body ownership and its relation to 
multisensory integration. In: Stein BE (ed) The new handbook 
of multisensory processes. MIT Press, Cambridge, pp 775–792
Ehrsson HH, Spence C, Passingham RE (2004) That’s my hand! 
Activity in premotor cortex reflects feeling of ownership of a 
limb. Science 305(5685):875–877. https ://doi.org/10.1126/scien 
ce.10970 11
Ernst MO, Banks MS (2002) Humans integrate visual and hap-
tic information in a statistically optimal fashion. Nature 
415(6870):429–433. https ://doi.org/10.1038/41542 9a
Ernst MO, Bülthoff HH (2004) Merging the senses into a robust per-
cept. Trends Cogn Sci 8(4):162–169. https ://doi.org/10.1016/j.
tics.2004.02.002
Ferri F, Chiarelli AM, Merla A, Gallese V, Costantini M (2013) The 
body beyond the body: expectation of a sensory event is enough 
to induce ownership over a fake hand. Proc R Soc B Biol Sci 
280(1765):20131140. https ://doi.org/10.1098/rspb.2013.1140
Graziano MS, Botvinick M (2002) How the brain represents the 
body: insights from neurophysiology and psychology. In: Prinz 
W, Hommel B (eds) Common mechanisms in perception and 
action attention and performance. Oxford University Press, 
Oxford, pp 136–157
Graziano MSA, Gross CG (1994) The representation of extraper-
sonal space: a possible role for bimodal, visual-tactile neurons. 
In: Gazzaniga MS (ed) The cognitive neurosciences. The MIT 
Press, Cambridge, pp 1021–1034
Graziano MSA, Cooke DF, Taylor CSR (2000) Coding the location 
of the arm by sight. Science 290(5497):1782–1786. https ://doi.
org/10.1126/scien ce.290.5497.1782
Guterstam A, Gentile G, Ehrsson HH (2013) The invisible hand 
illusion: multisensory integration leads to the embodiment of a 
discrete volume of empty space. J Cogn Neurosci 25(7):1078–
1099. https ://doi.org/10.1162/jocn_a_00393 
Haggard P, Christakou A, Serino A (2007) Viewing the body modu-
lates tactile receptive fields. Exp Brain Res 180(1):187–193. 
https ://doi.org/10.1007/s0022 1-007-0971-7
Hyvärinen J (1981) Regional distribution of functions in parietal 
association area 7 of the monkey. Brain Res 206(2):287–303. 
https ://doi.org/10.1016/0006-8993(81)90533 -3
Kalckert A, Ehrsson HH (2012) Moving a rubber hand that feels 
like your own: a dissociation of ownership and agency. Front 
Hum Neurosci 6:40
Kalckert A, Ehrsson HH (2014) The spatial distance rule in the moving 
and classical rubber hand illusions. Conscious Cogn 30:118–132. 
https ://doi.org/10.1016/j.conco g.2014.08.022
Kilteni K, Normand J-M, Sanchez-Vives MV, Slater M (2012) Extend-
ing body space in immersive virtual reality: a very long arm 
illusion. PLoS One 7(7):e40867. https ://doi.org/10.1371/journ 
al.pone.00408 67
Körding KP, Ko KP, Wolpert DM (2006) Bayesian decision theory in 
sensorimotor control. Trends Cogn Sci 10(7):319–326. https ://doi.
org/10.1016/j.tics.2006.05.003
Körding KP, Beierholm U, Ma WJ, Quartz S, Tenenbaum JB, Shams 
L (2007) Causal inference in multisensory perception. PLoS One 
2(9):e943. https ://doi.org/10.1371/journ al.pone.00009 43
Lackner JR, DiZio PA (2000) Aspects of body self-calibration. 
Trends Cogn Sci 4(7):279–288. https ://doi.org/10.1016/S1364 
-6613(00)01493 -5
Lloyd DM (2007) Spatial limits on referred touch to an alien limb may 
reflect boundaries of visuo-tactile peripersonal space surrounding 
the hand. Brain Cogn 64(1):104–109. https ://doi.org/10.1016/j.
bandc .2006.09.013
Longo MR, Haggard P (2012) Implicit body representations and the 
conscious body image. Acta Physiol (Oxf) 141(2):164–168. https 
://doi.org/10.1016/j.actps y.2012.07.015
Longo MR, Schüür F, Kammers MPM, Tsakiris M, Haggard P (2008) 
What is embodiment? A psychometric approach. Cognition 
107(3):978–998. https ://doi.org/10.1016/j.cogni tion.2007.12.004
Longo MR, Pernigo S, Haggard P (2011) Vision of the body modu-
lates processing in primary somatosensory cortex. Neurosci Lett 
489(3):159–163. https ://doi.org/10.1016/j.neule t.2010.12.007
Makin TR, Holmes NP, Ehrsson HH (2008) On the other hand: dummy 
hands and peripersonal space. Behav Brain Res 191(1):1–10. https 
://doi.org/10.1016/j.bbr.2008.02.041
Mirams L, Poliakoff E, Brown RJ, Lloyd DM (2010) Vision of the 
body increases interference on the somatic signal detection task. 
Exp Brain Res 202:787–794. https ://doi.org/10.1007/s0022 
1-010-2185-7
Newport R, Rabb B, Jackson SR (2002) Noninformative vision 
improves haptic spatial perception. Curr Biol 12(19):1661–1664. 
https ://doi.org/10.1016/S0960 -9822(02)01178 -8
Petkova VI, Ehrsson HH (2009) When right feels left: referral of touch 
and ownership between the hands. PLoS One 4(9):e6933. https ://
doi.org/10.1371/journ al.pone.00069 33
Preston C (2013) The role of distance from the body and distance from 
the real hand in ownership and disownership during the rubber 
hand illusion. Acta Physiol (Oxf) 142(2):177–183. https ://doi.
org/10.1016/j.actps y.2012.12.005
Pritchard SC, Zopf R, Polito V, Kaplan DM, Williams MA (2016) Non-
hierarchical influence of visual form, touch, and position cues on 
embodiment, agency, and presence in virtual reality. Front Psychol 
7:1649. https ://doi.org/10.3389/fpsyg .2016.01649 
Rizzolatti G, Scandolara C, Matelli M, Gentilucci M (1981) Afferent 
properties of periarcuate neurons in macaque monkeys. I. Soma-
tosensory responses. Behav Brain Res 2(2):125–146. https ://doi.
org/10.1016/0166-4328(81)90052 -8
Serino A, Canzoneri E, Marzolla M, di Pellegrino G, Magosso E 
(2015) Extending peripersonal space representation without 
tool-use: evidence from a combined behavioral–computational 
1832 Experimental Brain Research (2019) 237:1821–1832
1 3
approach. Front Behav Neurosci 9:4. https ://doi.org/10.3389/
fnbeh .2015.00004 
Snijders HJ, Holmes NP, Spence C (2007) Direction-dependent integra-
tion of vision and proprioception in reaching under the influence 
of the mirror illusion. Neuropsychologia 45(3):496–505. https ://
doi.org/10.1016/j.neuro psych ologi a.2006.01.003
Stein BE, Stanford TR (2008) Multisensory integration: current issues 
from the perspective of the single neuron. Nat Rev Neurosci 
9(4):255–266. https ://doi.org/10.1038/nrn23 31
Tsakiris M (2010) My body in the brain: a neurocognitive model of 
body-ownership. Neuropsychologia 48(3):703–712. https ://doi.
org/10.1016/j.neuro psych ologi a.2009.09.034
Tsakiris M, Haggard P (2005) The rubber hand illusion revisited: visuo-
tactile integration and self-attribution. J Exp Psychol Hum Percept 
Perform 31(1):80–91. https ://doi.org/10.1037/0096-1523.31.1.80
Tsakiris M, Prabhu G, Haggard P (2006) Having a body versus mov-
ing your body: how agency structures body-ownership. Con-
scious Cogn 15(2):423–432. https ://doi.org/10.1016/j.conco 
g.2005.09.004
Tsakiris M, Carpenter L, James D, Fotopoulou A (2010) Hands only 
illusion: multisensory integration elicits sense of ownership for 
body parts but not for non-corporeal objects. Exp Brain Res 
204(3):343–352. https ://doi.org/10.1007/s0022 1-009-2039-3
Van Beers RJ, Sittig AC, Denier Van Der Gon JJ (1999) Integration of 
proprioceptive and visual position-information: an experimentally 
supported model. J Neurophysiol 81(3):1355–1364. https ://doi.
org/10.1152/jn.1999.81.3.1355
Van Beers RJ, Wolpert DM, Haggard P (2002) When feeling is more 
important than seeing in sensorimotor adaptation. Curr Biol 
12(10):834–837. https ://doi.org/10.1016/S0960 -9822(02)00836 -9
Zopf R, Savage G, Williams MA (2010) Crossmodal congruency 
measures of lateral distance effects on the rubber hand illusion. 
Neuropsychologia 48(3):713–725. https ://doi.org/10.1016/j.neuro 
psych ologi a.2009.10.028
Publisher’s Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.
